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In the preceding paper (1), the results of
analyses of human epidermis for glucose were
reported. The concentration of glucose was
found to be approximately 50 per cent of the
blood concentration, a concentration which
seemed too high if glucose was present only
in the intercellular spaces of the epidermis
and too low if glucose penetrated freely into
the epidermal cell. In this paper results are
presented of in vitro experiments designed, 1)
to measure the extent of the intercellular space
of the epidermis, 2) to determine whether
glucose enters the epidermal cell and, 3) to
clarify the mechanism involved.
METHODS
1. The extent of the intercellular space. In
order to measure the intercellular (cxtraeellular)
volume of a tissue it is necessary to use a sub-
stance which does not penetrate into cells. Sec-
ondly, it is necessary to have a sensitive method
for assaying the concentration of tbis substance
within the tissue. For this purpose we have chosen
nieotinamide adenine dinucleotide phosphate
(NADP) and glucose-6-pbosphate (G-6--P). These
two substances are found only inside cells and
therefore must not be able to penetrate the cell
membrane. Providing high concentrations of these
substances are present in the surrounding medium
so that the intracellular concentrations can be
neglected, the penetration of these substances be-
tween the cells and therefore the extracellular vol-
ume can be accurately measured.
Keratome slices of human skin 02 mm thick
were floated on tissue culture medium 109 at 37° C
for up to two hours. High concentrations of
either NADP or glucose-fl-phosphate (G-6-P) were
present in the medium. After incubation, the slices
were blotted briefly, weighed, and homogenized in
0.6 N perehloric acid. The supernatant after een-
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trifugation for 15 mm at 6000 X g was neutralized
with 2 N potassium hydroxide and the potassium
perchlorate allowed to settle for one hour in the
cold. The supernatant after eentrifugation was
assayed for either NADP or G-6-P (2, 3) and the
concentration within the tissue water was com-
pared with the medium concentration. Providing
enough time is allowed for equilibration (over ½
hour) this gives a direct measure of the intercellu-
lar volume of the epidermis.
2. Comparison of intercellular and glucose
spaces. Keratome slices measuring 10 x 10 x 02
mm were removed from the backs of normal men,
weighed, and floated dermal side down on Krebs-
Ringer-phosphate medium or tissue culture me-
dium 109 containing various concentrations of
glucose. After incubation at 37° C the slices were
removed, lightly patted dry, weighed, and assayed
for glucose (2). The medium was also assayed
for glucose using the same method as for the
tissue specimen. Experiments using epidermis
which had been freed of the stratum eorneum by
"scotch tape" stripping prior to removal and of
epidermis which had been freed of dermis by
elastase prior to incubation were also done. Ex-
periments to simultaneously measure the extent of
the glucose space and intercellular space were done
by incubating slices at 37° C on tissue culture me-
dium 109 containing high concentrations of glucose
and glucose-6-phosphate. After two hours the tis-
sues were removed, blotted, weighed, homogenized
in 0.6 N perchloric acid, and centrifuged. The
supernatant was neutralized with 2 N potassium
hydroxide, centrifuged, and then assayed for
glucose and glucosc-6-phosphate (2). The concen-
trations of these substances in the tissue was com-
pared with the medium concentrations.
3. Effect of metabolic poisons on the inter-
cellular space and on the glucose space. High con-
centrations of glucose and glucose-6-phosphate
were used in tissue culture medium 109 to assess
the size of the intercellular space and the glucose
space after a two-hour incubation period at 37° C.
Various metabolic inhibitors were added to see if
inhibiting glycolysis (fluoride), inhibiting respira-
tion (cyanide and nitrogen atmosphere), or gen-
erally poisoning the cells (mercury) affected the
results. All experiments were run in duplicate.
RESULTS
1. Measurement of the intercellular volume.
Table I and Figure 1 illustrate results when
simultaneous experiments utilizing both G-6-
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Fic. 2. Tissue concentration of glucose-6-phos-
phate as a function of time of incubation.
done utilizing G-6-F only. Table II and Figure
2 illustrate the results of these experiments.
Zero time is the initial concentration found
when the slice is removed right after it has
been placed on the medium. Most of this is
probably fluid containing G-6-P which has
adhered to the tissue rather than diffused in.
This amount (about 10 per cent) is considered
as a necessary baseline correction. Subtracting
this figure from the average for our 120 min-
ute values (26 per cent) gives a final space of
16 per cent into which the glucose-6-phospbate
has diffused. Since G-6-P cannot enter the cell
this space must represent the intercellular
volume of the epidermis.
Tissue concentration of glucose-U-phosphate as a function of time of incubation
Medium C-s-P
Concentration Incubation Time
Tissue Concentration
(% of medium) Special Remarks
3.6 X 10 3 to 10 see. 10.7 "stripped" stratum corneum
3.6 )< l0 3 to 10 sec. 10.8
5.0 X 10—2 3 to 10 sec. 6.7
5.0 X 10—2 3 to 10 see. 7.0
2.3 >< 10—2 3 to 10 sec. 13.0
7.0 >< 10—2 3 to 10 sec. 11.0
7.0 >( 10—s 10 minutes 14.0
2.3 >< ltY5 10 minutes 22.8
7.0 >< 10 45 minutes 16.4
2.3 >< 10 60 minutes 34.0
5 >< 10—2 75 minutes 23.6
3.6 X 10 120 minutes 25.4
3.6 X 10—2 120 minutes 27.5 "stripped" stratum corneum
6.0 X 10 120 minutes 25.0
P and NADP were done. Use of either sub-
strate was satisfactory and for reasons of con-
venience and cost all other experiments were
TABLE I
Tissue concentrations as a function of time of
incubation and substrate
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FIG. 1. Correlation of results using either NADP
orglucose-6-phosphate as substrate.
TABLE II
TABLE III
Tissue glucose concentration as a function of medium glucose concentration
320 Tissue Concentration in
mg % Tissue H20
280
240
200
160
2. Comparison of intercellular volume and
glucose space. Table III and Figures 3 and 4
illustrate the tissue concentration of glucose
after exposure to various concentrations of glu-
cose in the medium for one hour at 37° C. It
can be seen from the table that these tissues
picked up approximately 10 per cent in weight
from the adherent fluid. The figures illustrate
a linear relationship between the medium
glucose concentration and the tissue glucose con-
centration. In this experiment at any particu-
lar medium concentration, the tissue concen-
tration was approximately 30 per cent of the
medium concentration.
Table IV and Figure 5 illustrate the time
course of glucose uptake by these slices. We
were especially interested in the early time
periods in order to assess the possible error due
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Col 1 Col 2 Col 3 Col 4 Col 5
Glucose
conc. in
medium
in mg %
Slice wt.
before exp
in mg
Presumed
dry wt of
slice in mg
(1/3 col 2)
Slice wt.
after exp
in mg
Co17 Co18 Co19Col 6
Factor for
converting
glucose/mg
tissue to
glucose/mg}io (_)col 5
Tissue ilsO
after exp
(col 4-col 3)
in mg
Tissue
glucose in
msm/mg
tissue
Tissue
glucose in
sm/cc tissuehO
Tissue
glucose in
mg % tissue
H20
40 42 14.0 47 33.0 1.4 1.6 0.84 15.1
80 24 8.0 26 18.0 1.4 1.0 1.40 24.2
160 27 9.0 30 21.0 1.4 1.0 2.66 47.9
320 28 9.3 32 22.7 1.4 3.5 4.90 88.2
320 24 8.0 25 17.0 1.5 3.5 5.25 94.5
640 28 9.3 30 20.7 1.4 6.7 9.38 269
1280 39 13.0 44 31.0 1.4 14.5 20.30 365
2560 40 13.0 44 30.9 1.4 24.7 35.98 648
20
80
40
40 80 20 I60 200 240 280 320
Medium Glucose Conc.—mg%
Fio. 3. Tissue glucose concentration as a function of medium glucose concentration
1600
2O0
800
400
to some glucose being attached to the dermal
side of the slice immediately on contact with
the solution. This immediate source of tissue
glucose probably amounts to between 5 and 10
per cent of the medium concentration. Equi-
librium between medium and tissue was
reached in approximately 30 minutes. Even
after two to four hours of incubation, tissue
glucose levels remained at a concentration
which was approximately 38 to 52 per cent of
the medium concentration. Removing the
stratum corneum by "scotch tape" stripping
immediately prior to keratome removal, re-
moving the dermal contamination with
elastase, or using medium 109 instead of
Krebs-Ringer-phosphate did not seem to in-
fluence the results. The simultaneous determi-
nation of the intercellular space by glucose-6-
phosphate and of the glucose space by glucose
in the same tissue slice is shown in Table V
and Figure 6. Tissues removed during the first
10 seconds and analyzed for glucose and glu-
cose-6-phosphate showed concentrations which
varied from 9 to 13 per cent of the medium
concentration for either substrate. An average
baseline value of 10 per cent (as in our previ-
ous studies) is therefore assumed and is
shown in the figure.
3. The effect of metabolic poisons. Table VI
and Figure 7 show the results of experiments
in which the glucose-6-phosphate and glucose
spaces were determined in the presence of
metabolic inhibitors. In this particular series
of experiments the glucose space is slightly
larger than usual and averaged approxi-
mately 50 per cent of the tissue volume.
Poisoning glycolysis with sodium fluoride did
not change the results nor did carrying out the
experiments in the presence of nitrogen. So-
dium cyanide had no effect on the intercellular
volume (G-6-P), but did lower the glucose pen-
etration slightly. It is unlikely that this is
significant in view of cyanide's action on
respiration which as shown by the nitrogen
experiments does not affect the results. Mercuric
ions in high concentrations significantly in-
crease the glucose and intercellular spaces. At
the concentration used mercuric ions will at-
tach to proteins in a rather general fashion
and do seem to affect the permeability of cell
membranes in this study. In concentrations (1
X 10-s M) which probably only affect sulf-
hydryl groups mercuric ion had no effect on
glucose penetration or the intercellular space
(Table VII). Insulin (Table VIII) also has no
effect on these processes.
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Fie. 4. Tissue glucose concentration as a function of medium glucose concentration
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DISCUSSION
In vivo measurements of epidermal glucose
concentration both by Schragger (4) and by
ourselves (1) showed a glucose concentration
which was at least 35 per cent of the blood
glucose concentration. In vitro measurements
of the space into which glucose penetrates in
the present study also show a space of ap-
proximately 35 per cent of the total epidermal
volume.
Our measurements of the intercellular vol-
ume indicate that the intercellular volume of
the epidermis approximates 16 per cent of the
total epidermal volume. This space is not
large enough to account for the space occupied
by glucose within the epidermis and approxi-
mately 20 per cent of the glucose within the
epidermis must be within the cells as illus-
trated in Figure 8.
Epidermal glucose concentration reaches a
level which is approximately 35 to 45 per
cent of the concentration of glucose in the
fluid to which the epidermis is exposed re-
gardless of the glucose concentration in the
fluid. The penetration of this glucose requires
approximately 30 minutes to reach its maxi-
mum concentration or equilibrium point and
thereafter the level is stable.
In Figure 9 hypothetical situations by which
glucose might enter the epidermis are pre-
sented. Line A represents the expected findings
if free diffu€ion throughout the epidermis oc-
curred and enough time were allowed for com-
plete diffusion (over ½ hour). Tissue glucose
would equal medium glucose at all concentra-
tions except those at the low end where tissue
utilization of glucose might cause the tissue
concentration to be lower than expected. Line
B represents the situation where glucose dif-
fuses freely into only the intercellular space
and does not enter the cell at all. In this case
the tissue concentration in terms of percentage
of medium concentration would represent a
direct measure of the intercellular space of the
epidermis. At any medium concentration the
tissue concentration would always be a fixed
percentage of the medium concentration.
Again tissue utilization of glucose might de-
press the tissue values at low glucose concen-
tration. Line C represents the values which
might be found if glucose penetrated freely
into the intercellular spaces of the epidermis
Keratin "stripped"
before removal
Dermis removed with
elastase-medjum
109
Dermis removed with
elastase-medium
109
Dermis removed with
elastase-medium
109
Dermis removed with
elastase
Dermis removed with
elastase
Dermis removed with
elastase
Dermis removed with
elastase medium
109
Keratin "stripped"
before removal
Dermis removed with
elastase
Dermis removed with
elastase
TABLE IV
Tissue glucose concentration as a function of
medium glucose concentration, lime of incuba-
tion, type of medium, freedom from dermis, and
freedom from stratum cornum
Glucose
Time of
incubation
Concen-
trat ion of
glucose in
medium
in mg
per cent
concen:
trationrn
tissue in
per cent of
medium
concen-
tration
Special conditions
3 sec
10 sec
10 sec
30 sec
30 sec
30 sec
60 sec
5 mm
15 mm
15 mm
30 mm
30 mm
60 mm
60 mm
60 mill
60 mill
120 mill
120 mm
120 mm
120 mm
120 mm
120 mm
120 mill
240 mill
82
900
900
1134
1980
1980
1278
1278
1278
1008
1008
1600
1600
1008
1134
1278
1600
882
1980
1980
900
900
1008
1008
9.3
7.8
10.0
16.0
14.5
18.9
17.0
23.4
31.0
39.0
40.0
45.9
45.3
42.5
55.0
38.0
51.9
43.0
51.0
47.0
40.0
50.0
40.0
38.0
Average for values over 60 minutes = 45.5.
and in addition gained access to the epidermal
cell by a mechanism dependent on active trans-
port across the cell membrane. At some value
• ------ -1
•
S
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TABLE V
The simultaneous determination of the glucose-C-
phosphate and glucose spaces in. the same
tissue specimen
Substance and concentratiun Tissue concentration*
Glucose (4.9 >< 10—2 M) 42
G-6-P (6.0 X 10—2 M) 25
Glucose (7.2 X 102 M) 42
G-6-P (5.4 X lO_2 M) 26
Glucose (2.5 X 102 M) 44
G-6-P (1.2 x 10_2 M) 28
* Tissue concentration calculated as mg %
tissue H20 and given as per cent of the medium
concentration after a two-hour incubation. Tis-
sues removed immediately (zero time) contain
9—13% of the medium concentration (not shown
in table).
of medium glucose concentration (arbitrarily
set on the figure at three times the normal
blood glucose) the active transport mechanism
would reach its maximum ability to trans-
port glucose. From that point on higher media
glucose concentrations would no longer increase
the amount of glucose inside the cell, but
the glucose concentration in the intercellular
space would continue to increase in parallel
with the line depicting the situation for the
intercellular space. At low media glucose con-
centrations the tissue glucose concentration
might be greater, equal to, or less than the
media glucose concentration depending upon
the balance between the glucose transport into
the cell versus glucose utilization by the tis-
sue.
Line D represents the actual situation. It
can be appreciated that this line represents
passive diffusion of glucose into a compart-
ment of the epidermis which represents some
35 to 45 per cent of the total epidermal volume.
Further evidence that this process is passive
and not active is found in the failure of the
various cellular poisons to influence the
process.
Since the intercellular space can account
for about 15 per cent of the space into which
BASELINE
4.
Pfl.
•a
I P I
G -6- P
[_j Glucose
I I I I
0 20 40 60 80 100
Tissue Conc. as % of Medium Conc.
Fio. 6. Glucose-6-phosphate and glucose spaces
in the same specimens.
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Fie. 5. Tissue glucose concentration as a function of time of incubation
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TABLE VI
The effect of metabolic inhibitors on the glucose-6-
phosphate and glucose spaces
Medium 109 containing glucose(2.2 X 102 M), G-6-P(2.2 X 10 M), and
other additions
Tissue concen-
tration of glucose
aod G-6-P as
% of medium
concentration
after a two-hour
incubation
Glucose G-6-P
No addition
No addition
Average
Sodium fluoride (1 X 10 M)
Sodium fluoride (1 X 10 M)
Average
Sodium cyanide (1 X l0 M)
Sodium cyanide (1 >< 10 M)
Average
Nitrogen atmosphere
Nitrogen atmosphere
Average
Mercuric chloride (1 X 10 M)
Mercuric chloride (1 X 10 M)
Average
64
55
60
63
64
63.5
52
53
52.5
57
61
59
74
79
76.5
26
27
26.5
22
24
23
25
23
24
27
29
28
34
38
36
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Fic. 7. The effect of metabolic inhibitors on the
glucose-6-phosphate and glucose spaces.
glucose can penetrate we are left with having
to account for a space of approximately 25
per cent within the epidermal cells which is
also accessible to glucose.
Where in the epidermis might the intra-
cellular glucose be? Three hypothetical pos-
sibilities include: (1) there is a population
of cells comprising about 25 per cent of the
total cell population which is permeable to
glucose and the rest of the cells contain no glu-
TABLE VII
Effect of low concentrations of mercuric ion on the
glucose-6 -phosphate and glucose spaces
Medium 109 containing
glucose (4.3 X 10—i M)
G-6-P (3.0 X 102 M)
Tissue concentration of glucose
and G-6-P as % of medium
concentration after 2-hour
incubation
Glucose G-6-P
No addition
+ Mercuric chloride
(1 X 10 M)
41
38.5
25.4
26.5
TABLE VIII
Effect of insulin on the glucose-6-phosphate and
glucose spaces
Medium 109 containing
G-6-P (1.03 X 105 M)
glucose (1.4 X 102 M)
Tissue concentration of glucose
and G-6-P as % of medium
concentration after 2-hour
incubation
Glucose G-6-P
No addition
+ Insulin (1 unit/cc)
51 26
51 28
100 Tissue Concentration as
% of Medium Concentration
80
40
20
• Glucose
A G-6-P
Glucose in Ce//s/
ce/Iu/or SpaceBose//ne 4d/serence of Medium to rissue
0 20 40 60
Time in Minutes
80 00 120
Fie. 8. Comparison of tissue space available to
glucose with the tissue space available to glucose-
6-phosphate.
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cose. This population cannot be the stratum
corneum, however, since removing this made no
difference. The concentration of glucose
within this population of cells equals the cx-
tracellular or blood glucose concentration;
(2) there is an intracellular compartment in
all cells of the epidermis comprising about 25
per cent of the cell volume into which glucose
diffuses freely while the rest of the cell is im-
permeable to glucose. In this compartment the
concentration of glucose equals the extracellu-
lar or blood glucose concentration; (3) glu-
cose diffuses freely into all the intracellular
space but its concentration in the intracellu-
lar "sap" is only 25 per cent of its con-
centration in the extracellular fluid. This is
due to a decreased solubility in the intra-
cellular fluid (a colloidal mixture of proteins,
lipids, etc.) as compared with the extracellular
fluid (essentially water). The third argument
seems most reasonable to us and a discussion
in favor of this theory may be found in refer-
ence 5. However, we have no data by which
to judge the validity of any of the above pos-
sibilities.
SUMMARY
The intercellular space of the epidermis
comprises approximately 15 to 18 per cent of
the total epidermal volume. Glucose not only
fills this intercellular space but by a process of
passive diffusion gains access to an additional
15 to 35 per cent of the intracellular volume
of the epidermis in a concentration equal to
the blood glucose concentration or to all of the
intracellular space at a concentration which
is only 15 to 35 per cent of the blood glucose
concentration.
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Fic. 9. Theoretical versus actual tissue glucose concentrations depending on mechanism
of glucose entry into the epidermis.
